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ABSTRACT

The focus o f this project was to develop fluorescence-based immunoassays for the
determination o f 2,4-Dichlorophenoxyacetic acid (2,4-D).

Three

formats using

polyclonal anti-2,4-D sera were developed, the first being a homogeneous, competitive
assay based on the principle o f fluorescence energy transfer. This assay exhibited a linear
dynamic range o f 100 ppb to 100 ppm.
The next two formats are heterogeneous, competitive assays that were developed
using a prototype KinExA.™ immunoanalyzer. The assay formats use either antibody or
antigen coated polymethylmethacrylate (PMMA) beads as a renewable solid phase. The
KinExA™ assay was demonstrated in buflered saline solution as well as

in aquatic

environmental media, and exhibited a linear dynamic range o f 2 ppb to 20 ppm. The
antibodies showed a degree o f cross-reactivity with compounds o f closely related
structure to 2,4-D, but little cross-reactivity with structurally dissimilar compounds. The
KinExA™ methods are rapid (10 minutes per sample), simple, and potentially portable.

m
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CHAPTER 1

INTRODUCTION

1.1 Herbicides
Herbicides are used extensively to control weeds in both agricultural and nonagricultural areas.

A weed is defined as any plant growing where it is not wanted

(Anderson 1977). Weeds harm crops by competing for water, light, nutrients and space,
and they also make it more difiBcult to harvest the desired crop. Before the advent of
chemical herbicides, weeds had to be controlled manually

Agricultural output has

increased tremendously since the advent of chemical herbicides. Farmers no longer have
to rely on manual or mechanical labor to control weeds in their crops. It has been said
that one worker in a chemical plant producing herbicides is equal to the work o f 100
people removing weeds manually (Klingman 1975).

The use o f chemical herbicides

results in larger yields at a substantially lower cost.
Weeds also cause problems in other areas. T h ^ can clog drainage canals, obstruct
roadways and railways and directly affect humans by causing allergic reactions. With all
o f the problems caused by weeds and the efficacy o f herbicides, it is reasonable to suggest
that the use o f chemical herbicides will not substantially decrease in the near future.
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2,4-Dichloropheno?^cetic acid (2,4-D) is a herbicide used to selectively control
broad leaf weeds. Among the weeds which are controlled by 2,4-D are charlock, annual
nettle, com buttercup, docks, &t hen, runch, shepherds’s purse, poppy, cornflower and
daisy. It is often used in conjunction with other herbicides to extend the range o f weeds
controlled. 2,4-D was first synthesized in the early 1940's (Fletcher and Kirkwood 1982).
The biochemical action by which 2,4-D acts as a herbicide is not fully understood, but it
appears to act as an auxin and since it is degraded more slowly than the native auxin,
indoleacetic acid, it accumulates in the plant. 2,4-D is a white crystalline solid with a
slight water solubility (600 ppm, Kingman 1975).

The salts o f 2,4-D are commonly

available and are very soluble in water. The structure o f 2,4-D is shown in Figure 1.1.

Figure 1.1 2,4-Dichlorophenoxyacetic acid

The rate o f degradation o f herbicides in soil varies greatly depending upon soil
type, moisture content, pH, and temperature. The degradation of 2,4-D primarily occurs
by microbial action and can take anywhere fi*om a few weeks to several years. Herbicides
persisting in soil for even a few days can find their way into groundwater through leaching
or runoff
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Since many herbicides are classified as pollutants that are harmful to humans and
wildlife, the proper use o f herbicides is essential. 2,4-D also poses the threat o f being a
suspected cancer-causing agent (Hoar et al 1986). To ensure that herbicides are being
used properly, quick and inexpensive methods o f determining their presence are needed.
Once herbicides are detected in an area where they should not be, corrective measures can
be taken to ensure that the pollution event is not repeated.
2,4-D was chosen as the model system for this project for several reasons. First,
since it is widely used in both commercial agricultural applications and sold to private
individuals for weed control, 2,4-D has a great potential for overuse and subsequently
becoming a pollutant.

Secondly, the carboxylic acid structure o f 2,4-D allows for the

conjugation o f a fluorescent molecule by established procedures (Pourûrzaneh et al
1980).

This conjugation is necessary to produce the tracer needed for the

fiuoroimmunoassays developed for this project. Finally, the commercial availability of
antibodies specific for 2,4-D has made the development o f the assays feasible.

1.2 Herbicide Analvsis o f Environmental Samples
Environmental analysis applications can be sub-grouped into two areas; field
screening and field monitoring. Field screening is a one-time analysis of a sample chosen
to be representative o f the site. Field monitoring is a continuous analysis o f samples at a
particular fixed site.
Field screening methods are used to determine if the analyte is present at a site
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above a predetermined level, with a positive sample justifying further testing o f the area.
The use o f immunoassay test kits for field screening applications has been proven
successful. Due to their portability and limited power requirements, the test can be run
on site, eliminating the need to take the sample back to a laboratory for analysis. The
time and m o n ^ saved by performing the analysis on site have driven the further
development o f these field test kits.
Environmental monitoring applications typically involve the collection o f samples
fi'om a fixed site at a predetermined time interval and their transport to a laboratory for
analysis. Taking samples on site and transporting them to the laboratory for
chromatographic analysis requires careful sample handling to avoid contamination or
degradation o f the analyte, as well as a documented chain-of-custody for each sample. The
development o f portable biosensor-based assays could eliminate the time and chain-ofcustody requirements involved with classical methods o f analysis.
Continuous on-site environmental monitoring, that after initial instrument setup
does not require operator assistance, is an area where new technologies and improvements
to existing methods are needed. On-site monitoring is also needed when sample removal
can result in the degradation o f the analyte, or when sample collection is inconvenient or
dangerous. Continuous monitoring o f run-off or down-well monitoring in an agricultural
area could determine when herbicides such as 2,4-D are being overused and posing a
threat to groundwater resources. The fluorescence based immunoassays described here,
could be utilized as the basis for field monitoring instrumentation.
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The traditional methods for the determination o f herbicides in an environmental
sample are by either gas chromatography (GC)

or high performance

liquid

chromatography (HPLC). These methods usually involve extraction and derivatization
o f the sample prior to analysis. These pre-analysis steps are time consuming and require
the use o f potentially hazardous organic reagents, as well as highly trained operators.

1.3 Biosensors
A biosensor as its name implies is a chemical sensor that uses a biological molecule
as a recognition element to detect and quantify an analyte. The essential components of
any biosensor system are; the sensing element, a physical transducer, and a data acquistion
system (Sharma and Rogers 1994).
The biological sensing element senses the change in the system being analyzed
upon addition o f analyte.

Some commonly used biological sensing elements include;

enzymes, sensing organs, microbes, and antibodies.
The physical transducer converts the change in the biological sensing element into
an electrical signal. The various transducers used can be sensitive to a change in mass,
conductivity, temperature or an optical property such as fluorescence. Once the change in
the system is converted into an electrical signal it can be amplified and sent to any type of
data acquisition system. Computers or chart recorders are the most widely used data
acquisition systems.
An electrochemical biosensor using an enzyme as a recognition element was one of
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the first reported biosensors (Clark and Lyons 1962). The enzyme catalytically converted
the substrate (glucose) to ionic products, which were monitored potentiometrically. The
versatility available through the selection o f a biological recognition element and the
variety o f physical transducers available for interfrcing to a data acquisition system has
resulted in biosensor development in a number o f analytical areas including: clinical
diagnostics, process control, food production monitoring, e g o s u re assessment, and
environmental applications (Sharma and Rogers 1994).
Prior to the development of a biosensor for a particular application, a number of
decisions must be made. The user must decide if the assay is to be class or compound
selective. Biomolecules have been reported which respond to either one compound or a
class o f compounds. Antibodies are commercially available that will bind an entire class of
herbicides, such as triazines, or t h ^ can be specific to one triazine compound such as
Atrazine.
For antibody-based biosensor formats, the detection limits o f the assay can be
tailored by selecting between a large dynamic range Q.e. a small signal change per analyte
concentration change) or higher signal change per analyte concentration change resulting
in a higher sensitivity, but smaller dynamic range. Detection limits are also affected by the
choice between a reversible or irreversible biochemical reaction at the sensor. Reversible
immunochemical reactions offer the advantage o f the sensor being reusable, however in
the process of stripping the antigen fi’om the antibody some o f the antibodies will be
damaged causing a decreased response with each subsequent assay. Irreversible reactions
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offer the increased sensitivity by sacrificing the cost o f not reusing the sensor.

The

particular needs o f the user as well as any regulatory requirements and the cost o f the
analysis have to be taken into consideration prior to the development o f the biosensor.

1.3.1 Biosensor and Bioanalvtical Assay Development
The early development o f biosensor assays was directed towards clinical
diagnostics. Recently, the potential o f biosensors as analytical devices and bioanalytical
assays as analytical methods for environmental applications has gained considerable
attention. The sensitivity, selectivity and potential for automation offered by these assays
has made them attractive tools for use in environmental analysis applications.

Some

other environmentally related areas where the use o f these methods have been reported
include ocean and atmospheric monitoring (Karube et al 1995).

1.3.2 Advantages Offered bv Biosensors and Bioanalvtical Assavs
To compete with the traditional methods o f analysis, biosensors must offer the user
some advantages. Cost, detection limits, degree o f automation and ease o f use are areas
that need to be addressed. If a biosensor can not offer an improvement in one or more of
these areas over an existing technology then users are not likely to abandon an established
method.
The most obvious area in environmental monitoring that requires new technology
to fill existing gaps in capability is remote monitoring. None o f the established methods
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for the determination o f herbicides (chromatographic, ELISA) can easily be performed at
a remote site without an operator.

Fully developed biosensor methods could fill this

technological gap. The use o f fiber optic fluorescence based assays is particularly well
suited to remote operation. The requirements for the use o f biosensors, and related
methods to be advantageous in environmental applications are outlined in Table 1.1
(Rogers and Lin 1992).

Table 1.1
Requirements For Biosensors in Environmental Applications
Requirement

Ranee

Cost

$1-15 per sample

Portable

Carried by one person

Power

No external power required

Assay time

1-60 minutes

Persoimel Training

Operated after 2 hours o f training

Matrix

Minimal preparation o f aqueous or soil extract

Sensitivity

Parts per billion-parts per million

Dynamic Range

At least two orders o f magnitude

Specificity

Enzymes/receptors:
One or more groups o f related compounds
Antibodies:
one compound or a closely related group o f
compounds
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The most important advantages that can be offered by biosensor methods are their
versatility and ease o f use. Changing the biological recognition element is usually all that
is required to change a biosensor’s analyte. The fact that no analyte derivatization is
required prior to sample analysis, is a distinct advantage offered by biosensors over the
traditional chromatographic methods o f analysis.

The ease o f operation allows an

operator to carry out the analysis after minimal training.

1.3.3 Bioanalvtical Assavs Developed for 2.4-D
Three bioanalytical assays for the determination of 2,4-D in solution were
developed using antibodies produced to specifically bind 2,4-D. The use o f antibodies as
biological sensing elements classifies these formats as immunoassays. Fluorometric
detectors were used for these assays. The detectors sensed a change in the fluorescence
o f the solution as the antibody binding reaction took place. The data acquisition system
for these assays was an IBM-compatible personal computer connected via a serial port to
the fluorometer. The 2,4-D specific antibodies used in all o f the formats were developed
in sheep. Two o f the formats used a fluorescent analog of 2,4-D synthesized for this
project as the tracer, the third format used a commercially available fluorescently tagged
anti-sheep antibody as the fluorescent molecule.
The first assay developed was based on the principle o f fluorescence energy
transfer between a fluorescently labeled antibody (acceptor) and a fluorescently labeled
derivative o f 2,4-D (donor).

The two fluorescently labeled molecules needed for this
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assay were prepared as part o f this project. The homogeneous competition assay (i.e., all
o f the assay components are in the same phase and the number o f antibody binding sites is
the limiting reagent) was performed in cuvettes with the analysis performed in a
luminescence spectrophotometer.

The main advantage offered by this format is its

homogeneity, which eliminates the need for washing steps during the analysis. This format
also offers the potential for use with portable instruments.
The next two assays were developed using a prototype instrument known as the
KinExA™ immunoanalyzer. This system is based on the use o f a renewable solid phase
that is captured in a flow cell that is interrogated by a fluorometer. Two separate assay
formats were developed for this instrument, the first being a heterogeneous ^.e., one of
the assay components immobilized to a solid phase) competition between fluorescently
labeled 2,4-D and analyte for the limited number o f immobilized antibody binding sites,
and the second being a heterogeneous competition between immobilized 2,4-D and analyte
for antibody binding sites. This instrument can offer a very sensitive assay with a high
degree o f automation. The assays developed and characterized for this project can each
be used independently for the analysis o f 2,4-D in environmental samples. The general
approach can be applied to the further development o f biosensor methods.
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CHAPTER 2

THEORY

2.1 Immunoassay
An immunoassay is based upon the use o f antibodies as analytical reagents, with
the specific binding o f an antigen by an antibody forming the basis o f these assays. The
production o f antibodies in the immune system o f vertebrates gives rise to the name
immunoassay. The afiBnity o f an antibody for an antigen is dependent upon many foctors
but it is usually quite high and can be very specific. The specificity o f antibody-antigen
interaction has made the use o f these proteins an attractive analytical tool.
The development o f a radioimmunoassay (RIA) for the determination o f Insulin by
Berson and Yalow in 1960 is credited with being the first published immunoassay. The
assay attracted attention because it offered sensitivity, specificity , simplicity and the
potential for almost universal application (Edwards 1985).
Immunoassays usually involve the use o f a labeled molecule that quantifies the
amount o f antigen in the solution under analysis.

Some o f the labels used include;

radioactive-labels, enzyme-labels, or fiuorescent-labels. Immunoassays based upon the
precipitation o f the antibody-antigen complex are also possible, and do not need the
addition o f a labeled molecule. The immunoassay formats reported here rely on the use of
•11
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fluorescent molecules as the label,

and are therefore classified as fiuoroimmunoassays

(FIA). Using fluorescent molecules to quantify the analyte allows the use o f commercially
available diodes and lasers as the source o f excitation energy and eliminates the need for
the substrate addition step that is necessary with most enzyme labels.

2.1.1 Immunoassav Formats
Immunoassays are classified as being either homogeneous or heterogeneous and as
either competitive or non-competitive.

Heterogeneous immunoassays require the

separation o f fi-ee and antibody-bound antigen, homogeneous assays do not require this
separation step. Competitive assays measure the amount of unoccupied antibody binding
sites and use a limiting amount o f antibody, whereas non-competitive assays directly
measure the amount o f occupied sites and contain antibody in excess. The non
competitive format offers the advantage o f not requiring the addition o f reagents other
than the analyte, but requires the analyte to have a measurable characteristic such as
fluorescence.
The homogeneous competitive immunoassay quantifies the analyte through the
competition for binding sites between analyte and analyte tracer. In a homogeneous assay
all o f the components are in the same phase (i.e. aqueous). The main advantage offered by
a homogeneous assay format is the elimination of the separation step which normally
requires physical manipulation by an assay operator.

The fluorescence energy transfer

assay presented here is a homogeneous-competitive immunoassay.
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The heterogeneous competitive immunoassay involves three steps, competitive
binding, separation and detection. Competitive binding involves the competition between
a constant amount o f analyte-tracer and varying amounts o f analyte for a limited number
o f antibody binding sites.

After completion o f the competition for binding sites the

unbound analyte and analyte-tracer are separated ftom the bound phase, usually with a
rinse step. The bound phase is interrogated to determine the amount of analyte-tracer
bound to the antibodies. As the concentration o f analyte in solution is increased (with the
constant amount o f tracer) the competition for binding sites begins to favor the analyte.
The decrease in signal fi'om the tracer is indicative o f the amount o f analyte present. The
KinExA™ immunoanalyzer formats presented here are heterogeneous-competitive
immunoassays.

2.1.2 The Antibodv Molecule
Antibodies are produced in an animal in response to the presence of a molecule
that is both foreign and o f sufficient complexity and size to elicit an immune response.
Antibodies are proteins that have the ability to specifically bind with the antigen that
elicited their production. The antibodies found in the circulatory system are known as
immunoglobulins and are classified into five classes; IgM, IgE, IgA, IgD and IgG. The
IgG antibody is the most commonly used in immunoassays. A schematic representation of
an IgG molecule is seen in Figure 2.1. The molecule consists of two identical halves, each
containing a heavy and a light chain, with the type o f heavy chain determining the class of
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the antibody. The heavy and light chains contain both a constant and a variable region,
with the structure being held together by disulfide bonds and other non-covalent
interactions. The carbohydrate is usually present on the Fc region and serves to increase
the solubility o f the antibody molecule thereby aiding in its secretion fi'om the cell where it
was synthesized. The molecular weight o f a typical IgG molecule is between 150,000160,000 Daltons (Steward 1984).
The structure o f IgG antibodies was investigated by enzymatically cleaving the
molecule into fi-agments. Two types of fi'agments; Fc (fi'agment crystallizable, because it
was readily crystallized) and Fab (fi’agment antigen binding) were identified (Stryer 1975).
The antigen binding site occurs in the variable region between the heavy and light chains.
Each IgG molecule contains two antigen binding sites (bivalent), with the angle between
them being flexible to accommodate large multivalent antigens (e.g., a virus).

2.1.3 Antibodv Production
An immunogen is defined as substance that can induce specific antibody response
in a vertebrate. Immunogens usually need to have a molecular weight o f at least 10,000
Daltons (Kuby 1994) in order to elicit an immune response in an animal. M ost pesticides
(including 2,4-D) are not large enough molecules to elicit an immune response by
themselves; they must therefore be conjugated to a large carrier molecule in order to
produce an immunogenic response. The pesticide portion o f the immunogen is known as
the antigen, and the portion o f the antigen recognized by the antibody is the hapten or
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antigenic determinant. Injecting the test animal with immunogen results in its producing
antibodies specific for that antigen. In order to elicit antibody production the carrier
molecule chosen must not be native to the animal in which it will be injected.

The

antibodies once produced will bind to the foreign protein, and they will also recognize and
bind the hapten portion of the antigen without the attached macromolecule.

The

recognition of the hapten without the attached protein forms the basis for the use o f
antibodies in analytical assays.
In order to increase the efficiency of a competitive fiuoroimmunoassay,

the

antigenic determinant should not be used as the location for attachment of the fluorescent
label.

The point o f attachment will undoubtedly be chemically modified to allow the

connection of the fluorescent molecule, as in the cases presented here where an amide
bond is formed where there was originally a carboxylic acid group.

The point of

attachment o f the carrier protein is good choice for attaching the fluorescent label because
this area was seen as a connecting bridge when the antibodies were synthesized.
Randomly attaching the label without prior knowledge o f the protein attachment point
could result in the loss o f antibody recognition.

2.1.3.1 Production o f Anti-2.4-D Polvclonal Antibodies
The anti-2,4-D antibodies used in this study were commercially available
antibodies produced in sheep. The anti-serum was produced using a 2,4-D derivative (1(2,4-dichlorophenoxyacetyl)-2-succinamylhydrazine)

conjugated

to

keyhole
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hetnocyanin (KLH), a moluscal protein. The procedure for obtaining the antibodies from
the animal includes; injecting with immunogen over a period of weeks, collection of blood
samples, and then centrifriging and filtering the blood to isolate the serum.
This procedure produces a population o f antibodies from several cell lines with
varying characteristics,

known as polyclonal antibodies.

Polyclonal antibody sera

contains a mixture o f antibodies directed against difrerent antigenic determinants present
on the immunogen. The varying binding kinetics exhibited by polyclonal sera is due to the
production of antibodies from several cell lines, and can cause data reproducibility
problems especially when the focus of the study is the kinetics of the binding event. Each
batch o f polyclonal serum will have its own unique binding charactenstics, therefore each
batch must be separately evaluated for its usefulness in a particular assay setup (Hock et al
1994).

2.1.3.2 Monoclonal Antibodies
The reproducibility problems associated with the use of polyclonal antibodies in an
immunoassay can be overcome by using monoclonal antibodies.

The production of

monoclonal antibodies involves the identification o f a single cell line that is producing
antibodies with desired characteristics. Monoclonal antibodies are typically produced in
mice.

After the mouse is immunized, antibody producing spleen cells are fused with

myeloma cells and the antibodies produced from each hybrid cell line are checked for the
desired characteristics.

Once identified, the desired hybrids can be cloned and will
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produce a potentially unlimited supply o f antibodies. A more detailed description o f the
production of monoclonals can be found in Kuby (1994).
The advantage o f using monoclonals is that the antibodies will exhibit constant
binding aflBnities and cross-reactivity characteristics.

The homogeneity o f monoclonal

antibodies will result in much more reproducible data from immunoassays. In some cases
however, polyclonal sera can be superior because o f their ability to bind antigens with a
higher aflBnity than monoclonal antibodies, resulting in a more sensitive assay.

2.1.4 Antibodv-Antieen Interactions
The binding o f an antigen by an antibody does not involve covalent bonds. It is
instead a combination o f weak attractive forces and solvent interactive forces that
contribute to the binding energy necessary to make the combination energetically
favorable. The weak physico-chemical forces involved include (Pressman and Grossberg
1968);

hydrogen bond formation, London dispersion forces, charge interaction, and

dipole interaction. Hydrophobic interactions contribute by increasing the entropy o f the
bound system. Each type o f force will contribute diflferently depending upon the particular
system under analysis. Varying the properties of the liquid medium can have profound
effects on the interactions discussed here, but since essentially all antibody-antigen
interactions take place in buffered aqueous media these effects will not be considered.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

18

2.1.4.1 Binding Forces
Hydrogen bonds result from the interaction o f hydrogen atoms attached to a highly
electronegative atom such as oxygen or nitrogen with the free electron pair on a second
electronegative atom.
London dispersion forces are a result o f the electron clouds o f two atoms
becoming distorted when they are brought into close proximity o f each other.

The

distortion o f the electron clouds induces a dipole into the atoms that results in an
attraction between the electrons o f one atom and the positive nucleus o f the second atom.
Charge interactions (ionic interactions) occur when oppositely charged groups on
the antibody and antigen interact. Dipole interactions are also based on the attraction of
opposite charges, resulting from the unequal sharing of electrons between atoms.
The combination o f antibody and antigen would seem to result in a more ordered
system and thus a thermodynamically unfavorable decrease in entropy, however this is not
the case. The antibody and antigen are both charged groups, and as such in an aqueous
environment they are coated with water molecules.

When the antibody and antigen

combine, the bound water molecules in the binding region are excluded and assume a
random position in the solution.

The release of these water molecules results in an

energetically favorable increase in disorder.
The steric fit o f the antigen into the antibody binding site is important because the
attractive forces increase as the distance between the groups decreases.

In order for

binding to take place the antigen must have the proper shape and distribution o f groups.
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2.1.4.2 Binding Kinetics
The formation o f the antibody(Ab)-antigen(Ag) complex can be described by the
following chemical equation;
Ab + Ag o Ab:Ag

(1)

The binding o f antigen and antibody is a reversible reaction, but it is usually highly favored
in the forward direction. The association rate for most antibody-antigen pairs is usually
only slightly below the difhision rate of the components in solution, so it is the dissociation
rate constant that controls the binding strength of the interaction (Tijssen 1985). Several
methods have been used to study the kinetics o f antibody-antigen interactions including;
radioimmunoassay (Schramm et al 1990), ELISA (Friguet et al 1985), surface plasmon
resonance (Karlsson et al 1991) and the KinExA™ immunoanalyzer (Glass and Rogers
1996).

2.1.5 Immobilization o f Antibodies and Antigens to Solid Surfaces
Separation o f free and immunochemically bound constituents is a critical step in a
heterogeneous immunoassay. Immobilizing the immune complex to a solid phase allows
the convenient separation o f free antibody or antigen from immunochemically bound
material. Either the antibody or antigen can be immobilized, and the free antibody or
antigen can be removed simply by rinsing with buffer. The solid phase chosen should have
the ability to bind a high density o f a variety of immunoreactants with the binding sites
towards the solution and with little dissociation (Tijssen 1985). The association kinetics.
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which are typically diffusion controlled, are slowed when one o f the reactants is
immobilized. This problem can be lessened by the use o f a small particulate solid phase
which can be more dispersed throughout the liquid phase.
Organic polymers are the most commonly used solid phase because they have the
ability to easily bind proteins and are inexpensive. Proteins attach themselves readily to
organic polymer surfaces through non-covalent hydrophobic interactions. The coating of
an organic polymer solid phase with a protein is as easy as adding a protein solution to a
polymer vial and letting it sit at room temperature.
A problem associated with the use of organic polymers is that these hydrophobic
interactions bind the protein indiscriminately with respect to orientation, which can cause
an antibody to lose some o f its antigen binding ability (VanRegenmortel 1992). Other
problems associated with the use o f organic polymer surfaces is that, once bound to the
surface, the antibodies can show significant variability in binding characteristics and some
desorption o f the protein is possible. These problems can be eliminated by covalently
binding the protein to a surface. Covalent binding of the protein to the polymer surface is
made possible by attaching functional groups to the surface prior to the addition o f the
protein. Functionalized surfaces are also used to attach antigens to solid surface.
There are also non-co valent, indirect-adsorptive methods available to attach
proteins to plastic surfaces.

Adsorbing a biotynilated protein to the surface and then

attaching a biotynilated antibody through an avidin bridge will help orient the binding sites
out towards the reaction. The anti-analyte antibody can also be oriented by first attaching
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(either through adsorption or a covalent bond) an anti-species antibody to the surface
which can capture and properly orient the analyte specific antibody. These anti-species
antibodies will bind the Fc region of the anti-analyte antibody, thereby orienting the
antigen binding sites away fi-om the solid surface and out towards the aqueous phase
where they will be most likely to encounter the antigen.

The antibody-coated beads used

in one o f the KinExA™ formats uses protein-polymer binding to form the solid phase of
the assay.

In another KinExA™ format antigen-coated beads are used which involves

functionalized polymer beads with an attached antigen.

2.2 Fluorescence Energv Transfer as the Basis o f an Immunoassav
The transfer o f fluorescence energy fi-om a donor molecule to an acceptor
molecule has been used successfully in analytical chemistry.
reported using this technique, including quantification o f

Several assays have been
phenytoin (Anderson et al

1988), glucose (Meadows and Shultz 1988), and morphine (UUman et al 1976).
Fluorescence energy transfer has also been used to characterize adsorbed protein layers
(Brynda et al 1990), and as an indicator o f the ionic strength o f a solution (Christian and
Seitz 1987).
One immunoassay for 2,4-D reported here is based upon the transfer of energy
fi-om a donor labeled 2,4-D analog and an acceptor labeled anti-2,4-D antibody. The two
fluorescent molecules used in the 2,4-D quantitation assay were fluorescein (donor) and
rhodamine (acceptor).

The fluorescein-rhodamine pair exhibit a substantial spectral
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overlap and are therefore good candidates for energy transfer.

These fluorophores are

available in a number o f reactive forms which also makes them desirable components for
developing an assay.

2.2.1 Fluorescence Energv Transfer Theory
In order to exhibit fluorescence energy transfer, a pair o f fluorescent molecules
must be chosen such that the emission spectrum o f one o f the molecules (donor) overlaps
the excitation spectrum of the second (acceptor). Fluorescence energy transfer is based
upon the non-radiative transfer o f energy fi-om a donor fluorescent molecule to an
acceptor fluorescent molecule (Lakowicz 1983).

The transfer o f energy is fi-om the

emission dipole o f the donor to the absorption dipole of the acceptor. The transfer does
not involve the emission and re-absorption o f a photon. The rate o f energy transfer is
given by the following equation:

\ r J

where r is the distance separating the donor and acceptor, Td is the fluorescence lifetime
o f the donor molecule in the absence o f the acceptor, and Ro is the Forster distance which
is defined as the separation distance that results in a reduction o f energy transfer efficiency
to 50 %. At the Forster distance one half o f energy is dissipated by energy transfer and
one half is dissipated as radiation and heat. The Forster distance is calculated in
centimeters as:
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< = 8.8xlO-“ (ic>X»-X«‘.<X-')

P)

where xf^ is a factor that describes the relative orientation of the transition dipoles of the
donor and acceptor molecules, n is the refractive index o f the assay medium, (pd is the
quantum yield o f the donor fluorophore in the absence o f the acceptor, and J is the
spectral overlap integral.

The spectral overlap integral is a measure o f the overlap

between the donor emission spectrum and the acceptor excitation spectrum.
The transfer efficiency is related to the distance separating the donor\acceptor pair
by the equation:

The efficiency o f fluorescence energy transfer is degraded when the distance separating
the donor and acceptor is increased. It is this change in transfer efficiency that will form
the basis of the fluorescence energy transfer assay for 2,4-D.
The fluorescein-rhodamine pair have a Foster distance o f approximately 50
angstroms (UUman et al 1976). When fluorescein labeled-2,4-D is bound to an antibody
that contains a rhodamine label on its Fab fragment, the proximity o f the two fluorophores
wiU be within the 50 angstroms needed for a efficient transfer o f energy.

Fluorescein-

labeled 2,4-D unbound in solution will be outside the Forster distance and the efficiency of
energy transfer from those molecules will be severely diminished.
The 2,4-D quantitation assay was developed as a competition assay between
fluorescein-labeled 2,4-D and unlabeled 2,4-D (analyte) for a limited number o f 2,4-D
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binding sites on the rhodamine-labeled antibody. The concentration o f labeled-antibody
and labeIed-2,4-D is held constant in each assay solution. An increase in the concentration
o f 2,4-D in solution results in enhanced competition for the binding sites and a
corresponding increase in the amount o f labeled-2,4-D liberated from the antibodies. The
system is excited at the fluorescein excitation wavelength (485 nm) and monitored at the
fluorescein emission wavelength (516 nm). The increase in free labeled-2,4-D results in a
corresponding increase in the intensity o f the fluorescein emission spectrum.
The components needed for this assay are the rhodamine-labeled anti-2,4-D IgG
antibody and the fluorescein-labeled 2,4-D.

The anti-2,4-D IgG was isolated from

commercially available anti-2,4-D serum and then labeled with an amine-reactive form o f
rhodamine, this procedure is described in sections 3.1 and 3.2. Fluorescein labeled 2,4-D
was synthesized using the series o f reactions described in section 3.3.

2.3 KinExA™ Instrumentation and Theorv
The KinExA™ instrument is an automated fluorescence immunoassay system that
uses polymer micro spheres as a renewable solid support material. The polymer beads
used for the 2,4-D assays were polymethylmethacrylate (PMMA) with a nominal diameter
o f 100 pm. The beads are coated with either antibodies or antigen and then transferred as
a suspension into a capillary flow cell where they are retained by a 53 pm nylon mesh.
This screen traps the beads but allows the other assay components to pass. The capillary
flow cell is integrated into an epi-illumination filter fluorometer system. The flow cell is
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embedded in a lens and is backed by a reflector in order to increase the efficiency o f the
excitation and subsequent detection o f the emitted radiation. The system used for these
assays was adjusted to work with the fluorescein excitation (492 nm) and emission (512
nm) wavelengths,

however these parameters can be adjusted to work with other

fluorescent dyes by changing the filters and the dichroic mirror.
The flow system o f the instrument is shown in Figure 2.2.

To prevent the

formation o f bubbles (and the error that their presence can introduce) an in-line degasser is
included between the buffer reservoir and the computer controlled valve. The buffer used
is phosphate buffer saline (PBS), pH = 7.41. The syringe draws the components of the
assay into the system where pinch valves regulate the path of their flow. The flow system
is operated under negative pressure to prevent the beads fi-om contacting and damaging
the valves and pump. The bead reservoir is stirred by a motor driven 4-blade stirrer prior
to and during the bead loading step to ensure the homogeneity of the bead suspension.
The injector syringe can be used to inject a label into the flow during an assay, however
this feature was not utilized in the 2,4-D assays.
The sampling valve has six ports, five o f which can be used for sample analysis.
Port 1 is permanently attached to the buffer reservoir. Ports 2-6 cormect to the sample
containers. The valve allows one sample at a time to be drawn through the system for
analysis. The peristaltic pump back flushes the bead pack to waste after each sample is
analyzed.

The valves, pump and syringes are electrically actuated and computer-

controlled. Software included with the system allows the sequence and timing of flow
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events to be customized by the operator.

2.3.1 KinExA™ Data handling
The raw fluorescence data for each sample are converted to voltage values and
sent to the computer as a separate file for storage and analysis. The raw data files for a set
o f samples are integrated into a single Excel™ worksheet by macros included with the
instrument software package.

Once in Excel™ the data can be easily graphed and

analyzed. Figure 2.3 shows the shape o f typical raw data fi-om the instrument. There are
three portions to each tracing. The first portion to the left shows the baseline fluorescent
signal fi-om the bead pack prior to the addition o f fluorescent tracer. The steep portion of
the curve represents the introduction of the tracer into the capillary and the filling o f the
interstitial spaces between the beads, followed by the accumulation o f the tracer on the
coated bead surfaces. The third segment to the right shows the removal o f fi-ee tracer
fi-om the bead pack. Tracings A, B and C represent control experiments for the antibodycoated bead format. Tracing A shows the non-specific signal when non-analyte specific
sheep IgG is substituted for the anti-2,4-D serum on the antibody coated beads. Tracings
B and C show the analyte-dependent response and result from the presence and absence,
respectively, o f 2,4-D (10 ppm) in the assay buffer.
To correct for the any fluctuations in the background signal during the processing
o f samples, the final value for each sample is obtained by taking the average of the first
five data points and subtracting it from the average of the last five data points. The value
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for each sample in a set is then taken as a percentage o f the value o f the zero 2,4-D
concentration sample for that particular set. The blank sample is therefore assigned a
value o f 100% and as the concentration o f 2,4-D is increased, the percentage value for the
sample decreases. Comparing all o f the samples to a zero compensates for any drift in the
instrument and for any degradation in the fluorescent output o f the tracer stock solution.
These percentage values are incorporated into a graphing program (Deltagraph in this
case) for analysis.

2.3.2 KinExA™ Assav Formats
The binding o f fluorescently labeled indicator molecules to the bead pack forms the
basis o f these assays. One component o f each assay format is labeled with fluorescein,
and the accumulation of the fluorescent molecule in the bead pack is designed to be
analyte-sensitive.

Figure 2.4A illustrates the antibody coated bead format using the

fluorescent analog o f 2,4-D as the tracer. The anti-sheep IgG antibodies are coated onto
the bead surface to capture and orient the anti-2,4-D antibodies. The competition between
fluorescein-labeled 2,4-D and analyte 2,4-D for the limited amount of antibody binding
sites forms the basis o f this assay format. The concentration o f fluorescent tracer is held
constant and as more analyte is added to solution the competition for binding sites begins
to favor the analyte resulting in less tracer bound to the bead pack and a lower fluorescent
signal.
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Figure 2.4B illustrates the antigen coated bead format which uses the fluorescently
labeled anti-sheep antibody to quantify the amount of analyte present. The competition in
this format is between the antigen coated to the beads and the 2,4-D in solution. As the
concentration o f 2,4-D in solution is increased, less of the anti-2,4-D antibodies will have
free binding sites and so fewer o f them will be bound to the immobilized antigen as they
flow through the bead pack. The amount of anti-2,4-D antibodies that have free binding
sites and subsequently bind to the bead pack is quantified by flowing the fluoresceinlabeled anti-sheep IgG antibody through the bead pack. In both formats the fluorescent
signal intensity is inversely proportional to the analyte concentration.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3 .1 IgG Isolation
The anti-2,4-D serum used in these experiments is a commercially available
polyclonal serum developed in sheep. Polyclonal serum is a mixture of the IgG antibodies
that will be used in the assay mixed with various extraneous proteins. To increase the
efiBciency o f the fluorescent labeling, IgG antibodies separated firom one ml o f 2,4-D
antiserum using a Pierce IgG separation kh. The Pierce IgG isolation kit contains a 1ml
column o f agarose immobilized Protein A. Protein A is a cell wall constituent produced
by strains o f Staphylococcus aureus. It has four high afBnity binding sites with the ability
to specifically bind the Fc region o f IgG antibody molecules fi'om many species. The IgG
antibodies are isolated fi'om other serum proteins through afiSnity chromatography on the
Protein A column. The kit also contains a 5 ml Excellulose™ (5000 mw cutofiQ column
for buffer exchange or desalting o f the separated finctions. Both columns contain top and
bottom porous polyethylene fiits to regulate the flow of buffer.
The instructions included with the kit were followed precisely. The separation
column and buffers were equilibrated to room temperature prior to use. The antibody
serum is first diluted 1-1 with Pierce binding buffer (pH 7.2). One ml o f serum solution is
33
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then added to the top o f the Protein A column and allowed to flow into the top of the gel.
The column is then washed with 15 ml of Pierce binding buffer. The extraneous proteins
having little or no afBnity for the Protein A are washed through the column and discarded.
The IgG antibodies bound to the Protein A are then eluted from the column using 5 ml of
Pierce elution buffer (pH 2.8) which lowers the pH and disrupts the protein-protein bond.
One ml fractions were collected for further analysis. Twenty pi of each fraction were
diluted 50-1 in phosphate buffered saline; 0.01 M phosphate, 0.1 M NaCl, pH = 7.41
(PBS), and then analyzed spectrophotometrically to determine their protein content.
Absorbance measurements at 280 nanometers, the maximum protein absorbance
wavelength (Nezlin 1970), for each fraction are summarized in Table 3.1.

Table 3.1

280 nm Absorbance Values for Collected Fractions
Column 1
fraction 1
fraction 2
fraction 3
fraction 4
fraction 5

Absorbance 280 nm
0.0149
0.0747
0.0000
0.0000
0.0000

Column 2
fraction 1
fraction 2
fraction 3
fraction 4
fraction 5

Absorbance 280 nm
0.0064
0.0859
0.0000
0.0000
0.0000

Fractions 3-5 did not contain any protein, so they were discarded.

Using an

experimentally established molar absorptivity o f 225,000 Nf'cm'^ for IgG, the antibody
concentrations for the fractions were found to be 3.3 pM and 1.4 pM for fraction one
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and 16.6 pM and 19.1 pM for fraction two from column 1 and 2 respectively. Fraction
two from each column was saved for subsequent buffer exchange.
The buffer exchange column (5 ml Excellulose™) was equilibrated with 10 ml of
PBS prior to use. One ml o f the antibody solution was applied to the column which was
then eluted with 10 ml o f gravity-fed PBS. The size exclusion column allows the large
protein molecules to pass quickly through while delaying the passage of the much smaller
solvent molecules (i.e. the low pH elution buffer). The elution buffer will be held in the
pores o f the column particles and the protein will elute from the column in the excess
phosphate buffer that is added. This buffer exchange step is necessary to ensure the
antibodies are not denatured by storage in the acidic elution buffer. One ml aliquots were
saved and again the protein content was determined spectrophotometrically. The buffer
exchange column was regenerated between runs by passing 20 ml of PBS through it,
passing this large volume o f PBS through the column washes the trapped elution buffer
out o f the particle pores. It was determined spectrophotometrically that fractions 3 and 4
from both buffer exchange runs contained the majority of the protein. The four fractions
were combined and the final protein concentration was determined to be 7.6 piM. The
protein solution was split into aliquots and stored frozen at -20® C.

3.2 Fluorescent Labeling o f Anti-2.4-D leG
The

anti-2,4-D

IgG

antibody was

fluorescently

labeled

with

the

N-

hydroxysuccinimide ester o f Rhodamine. N-hydroxysuccinimide esters will bind to amine
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groups on the surface o f the antibody. NHS-rhodamine (1.5 mg) was dissolved in 1.5 mi
dimethyiformamide (DMF) for a final concentration o f 1 mg/ml. To each o f two microcentrifiige tubes containing 850 pi o f 7.6 pM antibody solution was added a five times
molar excess o f NHS-rhodamine. The vials were shaken gently at room temperature for
two hours.
Labeled antibody was isolated fi’om un-reacted NHS-rhodamine by size exclusion
chromatography using a Sephadex G-50 column (1 cm x 10 cm).

The column was

equilibrated with PBS at room temperature prior to use. One ml o f reaction mixture was
added to the top o f the column and buffer was pumped through the column at a rate of 1
ml/min. The eluent was passed through an ultraviolet detector set to monitor absorbance
at 280 nm. The pumping system and the UV detector used for this separation were part of
a Biorad liquid chromatography system.

Two distinct blue bands formed and were

collected. The collected fi’actions showing the highest absorbance (fractions 5&6) were
coincidental with the first blue band and were pooled. The concentration o f antibody in
the pooled solution was determined to be 3.90 pM by absorbance at 280 nm (adjusted for
the absorbance o f rhodamine at 280 nm).

The concentration o f rhodamine dye was

determined to be 9.6 pM by absorbance at 547 nm. The second blue band was collected
and shown to have a protein concentration o f 0.8 pM and a rhodamine concentration of
4.85 pM, indicating that this band contained mostly unreacted dye.

The rhodamine

labeled antibody solution was split into aliquots and stored at -20° C.
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3.3 Synthesis of Fluorescein-labeled 2.4-D

3.3.1 Preparation o f Fluoresceinthiocarbamvl Ethvlenediamine
Fluoresceinthiocarbamyl ethylenediamine was synthesized following the method
described by Pourfarzaneh et al (1980). Ethylenediamine dihydrochloride (400 mg , 3
mmoles) was dissolved in 100 ml o f methanol containing 10 ml o f triethylamine per liter.
Fluorescein isothiocyanate (234 mg , 600 pmoles) was dissolved in 20 ml o f the same
solvent and was added drop-wise to the ethylenediamine solution over 20 minutes with
constant stirring. The solution was stirred for an additional hour. The reaction scheme is
shown in Figure 3.1.

0 -H

0 -H

+ H2N—(CH2)2—NH2 2HC1
Ethylenediamine
Dihydrochloride
MeOH

0— H

Y -C -N -(C H 2 )-N H 2

N=C=S

H S H
Fluorceinthiocarbamyl
ethylenediamine

Fluorescein Isothiocyanate

Figure 3.1
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The product precipitates out o f solution as an orange solid.
collected by centrifugation, and washed with 10 ml o f methanol.

The solid was

The methanol was

decanted of^ and the solid was allowed to dry overnight in a flime hood protected from
light. To minimize the afreets of photo-bleaching, the product was stored in an amber
borosilicate glass vial at room temperature.

The 201.9 mg o f product collected

represented 75 % o f the theoretical yield. Thin layer paper chromatography o f the product
using 50 mM sodium bicarbonate as the mobile phase, and visualization in an iodine
chamber revealed a single product with an Rf value o f 0.40.

The product was used

without further purification.

3.3.2 Conjugation o f Fluorescein to 2.4-D
Fluoresceinthiocarbamyl ethylenediamine was conjugated to 2,4-D using the
method and suggested stoichiometry o f Pourfarzahneh et al (1980). Two reactions are
required. The first produces a derivative of 2,4-D which reacts with amines, and the
second conjugates the amine derivatized fluorescein to the activated 2,4-D.

The first

reaction is a carbodiimide mediated coupling o f N-hydroxysuccinimide to the carboxyl
group of 2,4-D forming an NHS-ester. This NHS-ester is much more stable, having a
half-life o f several hours at room temperature, than the 0-acylisourea that is formed by
the direct reaction o f the carbodiimide with the carboxyl group on 2,4-D, the 0 acylisourea having a half-life o f only a few seconds (Staros et al 1986). The 11.1 mg (50
pmol) of 2,4-D, 6 mg (50 pmol) o f N-hydroxysuccinimide (NHS) and 20 mg (100 pmol)
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o f l-Ethyl-3-(3-DimethyIaminopropyl)-carbodiimide Hydrochloride (EDC) were dissolved
in 1 ml o f DMF.

The solution was stirred for 1 hour. The reaction scheme is shown in

Figure 3.2.

2,4-D

NHS
H

O—H

^V

&

EDC

V

'

° ^

J -W c r - 5 ^

'

U

,o > ]

2,4-D-NHS ester

Figure 3.2

The second reaction will couple the fluoresceinthiocarbamyl ethylenediamine, with
its free amine group to the now amine reactive 2,4-D derivative. In 5 ml o f DMF, 24 mg
(SO |omol) o f fluoresceinthiocarbamyl ethylenediamine was dissolved, and added dropwise
over 30 minutes, with stirring, to the 2,4-D solution. The reaction scheme is shown in
Figure 3.3.
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0 —H

0—1

MeOH

2,4-D-NHS ester
N —C—N

ki k

(C H ;);—NHz

Fluorceinthiocarbamyl
ethlyenediamine

\
=

/

0 -H
i .

y

C— N—(CH2)2—N - C - N MHS

Fluorescein labeled 2,4-D

Figure 3.3

Thin layer chromatography o f the final reaction mixture using a silica gel solid
phase (Baker Chemical Co.) and a solvent system consisting o f a 90:8:2 % mixture of
ethyl acetate\methanol\acetic acid revealed a major product at Rf = 0.67 and two minor
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products at Rf = 0.00 and 0.47. Comparative plates were developed to determine the
retention times o f the reactants. These plates showed 2,4-D to have an Rf = 0.36, NHS Rf
= 0.47, EDC Rf = 0.00 and fluoresceinthiocarbamyl ethylenediamine Rf = 0.76. The major
product at Rf = 0.67 had the characteristic yellow color o f fluorescein but a diflerent
retention time than any o f the reactants alone so it was therefore assumed to be the
reaction product (fluorescein labeled 2,4-D).

Since the desired product eluted at the

highest rate and was substantially separated from the other minor products, flash
chromatography (Still et al 1990) was utilized to purify the product from the reaction
mixture. A 10x2 cm glass column with a Teflon stopcock and sintered glass flit was
packed with 100-200 mesh silica gel and equilibrated with 25 ml o f the 90\8\2 ethyl
acetate\methanol\acetic acid solvent mixture. The solvent was allowed to flow until it was
at the surface o f the solid phase. Two ml o f the reaction mixture was then added to the
column at the surface of the solid phase. The stopcock was opened and the system was
allowed to gravity feed until the reaction mixture had just passed into the solid phase.
Twenty-five ml of solvent was then added to the column. The solvent was forced through
the column with a low pressure stream o f nitrogen gas. The pressure o f the gas was
adjusted to elute the column at a rate of approximately 2 in/min. A very obvious yellowgreen band formed in the column (yellow-green is the characteristic color o f fluorescein
in solution) and was collected as the final product. The column was then flushed with 25
ml o f solvent followed by 25 ml of methanol to remove any compounds held in the gel.
The column was re-equilibrated and the remaining reaction mixture was purified in the
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same manner. The two saved fractions were combined and concentrated down to a final
volume o f approximately 2 ml using a vacuum roto-evaporator. The roto-evaporator has a
sample vessel that is connected to a vacuum line which lowers the pressure over the
sample allowing volatile solvents to be easily removed, the vessel is rotated to increase the
surface area of the sample and to prevent bumping o f the sample. Thin layer
chromatography of the saved fraction revealed a single product with an Rf value o f 0.60.
The concentration of the product solution was determined spectrophotometrically to be 13
mM using the established molar extinction coefficient for fluorescein (Pourfarzaneh et al
1980).
Fluorescein-derivatized phenoxy acid herbicides have been isolated by capillary
electrophoresis (CE) (Jung and Brumley 1995) which separates compounds based upon
their size and charge. The fluorescein labeled 2,4-D was analyzed by CE versus unreacted
fluorescein to determine if (1) the 2,4-D conjugation reaction had resulted in a product
with a unique retention time and (2) if any other products not resolved by TLC were
present. Borate buffer (pH 9.1) was flowed through a 57 cm capillary, the sample is
introduced and 25 Kv is applied. In order to identify fluorescein in solution, the system
was excited at 488 run and monitored at 520 run. Figure 3.4 shows the major product
peak at Rt = 5.12 with a purity of 96.3 % by comparison to the other peaks present.
Figure 3.5 shows the separation o f the product peak (Rt = 5.12) from a superimposed
fluorescein peak (Rt = 6.24).

This fluorescein-labeled 2,4-D was used for both the

fluorescence energy transfer assay and as the tracer for the KinExA™ assays.
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solution was split into aliquots and stored at -20° C.

3 .4 Fluorescence Energy Transfer Assay Procedure
The assay was carried out in phosphate buffered saline (PBS) at a pH o f 7.41.
Since 2,4-D is only partially soluble in the PBS buffer, stock solutions were prepared by
dissolving the 2,4-D in ethanol and then diluting to final concentration in PBS. None of
the stock solutions contained greater than 1 % organic solvent. Blanks containing 1%
ethanol were run to ensure that the presence o f organic solvent did not lead to denaturing
o f the protein. Ethanol at this low concentration had no effect on the assay.
In order to increase the sensitivity of the assay, the concentration o f labeled-2,4D was kept as low as possible, without sacrificing signal intensity. Fluorescein-labeled
2,4-D at a concentration o f 3 nM resulted in a reproducible fluorescein emission spectrum
that was well above the noise level o f the instrument.

An antibodyVtracer ratio o f 20\I

was observed to give a good separation of the fluorescein emission intensity when
comparing solutions o f 0 and 10 ppm 2,4-D.

Solutions of labeled antibody (60 nM),

labeled 2,4-D (3 nM or approximately 2 ppb) and varying concentrations of 2,4-D (0-100
ppm) were incubated in the dark at room temperature for 30 minutes prior to analysis.
The volume o f each reaction was 500 pi. The volume o f the reaction was kept as small as
practical in order to conserve relatively expensive stock solution of labeled antibody. The
incubation step was performed in cuvettes so that the analysis could be carried out without
introducing solution transfer error.
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3 .4.1 Instrument Conditions .
AU fluorescence measurements were taken with a Perkin-EImer model LS-50B
luminescence spectrometer. The instrument setup parameters are shown in Table 3.2.

Table 3.2 Fluorometer Setup

excitation wavelength

485 nanometers

excitation slit width

5 nanometers

emission slit width

10 nanometers

scan speed

500 nanometers\min

scan range

500-650 nanometers

filtering

S-Golay

Disposable ultraviolet grade (275-800 nm range) methacrylate cuvettes were used during
this experiment.

Each cuvette was used only once and then discarded.

The use of

disposable cuvettes eliminated the chance o f any cross-contamination error being
introduced into the assay. The 500 pi reaction volume did not fiU the cuvette far enough
to aUow the excitation beam to pass through the center o f the solution. This problem was
rectified by adding a Teflon spacer to the cuvette holder o f the fluorometer to raise the
cuvette up to the proper level. The fluorometer was controlled by an IBM compatible 386
computer. The software provided with the instrument, Perkin-Elmer Fluorescence Data
Manager Version 2.70, was used to control the instrument and handle the data.
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3.5 KinExA™ Assay Procedures

3.5.1 Preparation o f Antibodv-Coated Beads
To prepare a batch o f antibody-coated beads, 200 mg (+\- 5 mg) o f dry PMMA
beads were placed in a microcentrifiige tube. A solution containing 980 pi o f PBS and 20
pi o f anti-sheep IgG was added to the tube and the mixture is incubated for two hours at
37° C, with gentle rocking. The stock anti-sheep antibody used as obtained from Sigma
had a total IgG concentration o f 10.0 mg\ml. The amount o f antibody used to prepare the
beads was varied over the range o f 2 pi to 40 pi with no noticeable effect on the assay.
Twenty pi was chosen to ensure a complete coating o f the beads while limiting the use of
the expensive antibody solution.
After two hours of incubation, the beads were placed in a centrifuge for 2 min at
5000 rev\min. The supernatant was pipetted off and discarded. One ml o f PBS was
added and the tube was shaken vigorously for 5 seconds, the tube was again centrifuged
as above. The PBS rinse was performed a total o f three times to the ensure removal of
any antibody that was not bound to the beads.
Five pi of sheep antiserum to 2,4-D was diluted to 1ml with PBS and added to the
centrifuge tube containing the anti-sheep antibody coated beads.

The beads were

incubated and rinsed as above. After the final rinse the beads were suspended in 1 ml of
PBS and stored refiigerated until use. For use in the instrument, the 1 ml bead suspension
is transferred quantitatively into the bead reservoir (a 25 ml borosilicate glass bottle), and
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diluted with 19 ml of PBS.

3.5.2 Antibody Coated Beads Assay Procedure
To determine the concentration of tracer to use for the assay, various
concentrations (0.3, 1, 3, 10 nM) were mixed with PBS or a 10 ppm solution o f 2,4-D in
PBS. It was anticipated that using a lower concentration o f analyte tracer would increase
the sensitivity o f the assay by fevoring the analyte in the competition for antibody binding
sites. Figure 3.6 shows the instrument response to these tracer concentrations in the
presence and absence o f 2,4-D. Ten nM tracer exhibited too much variability in signal and
0.3 nM tracer exhibited too little signal change upon the addition o f 2,4-D. Consequently
1 nM tracer was used for the assay because o f its good signal separation and small
variability. One nM tracer was mixed with various concentrations of 2,4-D (10 ppb -10
ppm in PBS, 1% ethanol) and analyzed individually by the instrument. The fluorescence
data were handled as described in Section 2.3.1.

3.5.3 Synthesis o f 2.4-dichlorophenoxvacetvl ethylenediamine
To prepare the antigen-coated beads needed for the second KinExA™ format,
amine reactive N-oxysuccinimide coated beads were purchased fi’om BSI Corp (Eden
Prairie, MN). Amine derivatized 2,4-D was prepared by conjugating ethylenediamine to
2,4-D using the same carbodiimide mediated coupling reaction used to form the
fluorescein derivative o f

2,4-D.

The method and stoichiometry again followed
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Pourfarzaneh et al (1980). The reaction was carried out in methanol containing 10 ml\L
triethylamine. Ethylenediamine dihydrochloride (65 mg ,500 |imol) was dissolved in 15 ml
of the methanol\ triethylamine solvent. The activated NHS-ester o f 2,4-D was prepared as
before (Section 3.3) and was added dropwise to the ethylenediamine solution.

The

ethylene diamine was present in the reaction in a ten-fold molar excess to discourage the
formation o f a doubly 2,4-D substituted ethylenediamine. The reaction scheme is shown
in Figure 3.7.

H2N(CH2>2NH2-2HC1

O'

MeOH

Ethylenediamine
Dihydrochloride

2,4-D-NHS ester

O—H

C - N — (CH2)2NH2

+

0 H
2,4-dichlorophenoxyacetyl ethylenediamine

NHS

Figure 3.7

The reaction mixture was separated and the desired product purified by thin layer
chromatography. The 2,4-D ethylenediamine conjugate has a fi^ee amine group that will
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be utilized to bind the molecule to modified polymeric beads.

Therefore it must be

separated from any excess unreacted ethylenediamine in order to prevent interference from
the additional free amine groups.
Preparative thin layer plates (20x20 cm) with a 1000 |om silica gel layer were used
to separate the reaction mixture. Fifty spots (10 pi each) of the reaction mixture were
spotted across the bottom o f the plate just above the solvent level. The solvent chosen for
the separation was ethanol due to its high polarity and minimal toxicity. Two bands were
visualized under ultraviolet light. One band was seen with an Rf value o f 0.39 under 254
nm light,

the second band was seen at 0.00 under 366 nm light. In this solvent

ethylenediamine has an Rf o f 0.00, so the upper band at 0.39 is most likely the product of
the reaction. The upper band was scraped and the eluent recovered by soaking the
scrapings in methanol. The solution was passed through a 0.40 micron filter to remove all
o f the silica solid phase. This procedure was repeated until all o f the reaction mixture was
purified. The eluent from each plate was combined and the total volume was concentrated
by roto-evaporation down to approximately 10 ml.
To test the purity o f the product, 3 pi spots of the isolated product and
ethylenediamine were developed on an analytical thin layer plate in ethanol.
developed plate was visualized using 2,2-Dihydroxy-1,3-indanedione

(Ninhydrin).

The
A

0.10 % solution o f Ninhydrin in ethanol is applied to the plate to visualize primary amines.
Primary amines sprayed with Ninhydrin solution appear as purple spots.

The 2,4-

dichlorophenoxyacetyl ethylenediamine appeared as a dark purple spot with a retention
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time o f 0.37, an extremely faint spot was also seen at 0.00. Ethylenediamine appeared as a
dark purple spot with a retention time o f 0.00. By a visual comparison o f the intensity of
the spots it was judged that the 2,4-D ethylenediamine conjugate was approximately 90%
pure. The product was used without further purification.

3.5.4 Preparation o f Antigen-Coated Beads
The amine derivatized 2,4-D was covalently attached to the amine reactive Noxysuccinimide beads by adding 200 mg o f dry beads and 20 pi of amine derivatized 2,4D stock solution to a microcentrifuge tube. The coupling reaction was carried out in 0.10
M borate buffer, pH 8.5, as suggested by the bead manufacturer. The mixture was rocked
gently for two hours at room temperature. The beads were then centrifuged for 2 min at
5000 rev\min and the supernatant was discarded.

The beads were then washed

sequentially with 0.10 M borate buffer containing 1 M NaCl, followed by 0.10 M acetate
buffer (pH 4) containing 1 M NaCl and finally with PBS. Between each wash step the
beads were centrifuged as above and the supernatant discarded. The beads were diluted
with 19 ml o f PBS for use in the instrument.

3.5.5 Antigen Coated Beads Assav Procedure
The sheep anti-2,4-D serum was diluted 1-40,000 in PBS and reacted with various
2,4-D concentrations (2 ppb - 20 ppm in PBS, 1% ethanol).

These mixtures were

immediately flowed across the antigen-coated bead pack, where any antibodies with fi’ee
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binding sites would be retained. To quantify the amount o f sheep anti-2,4-D antibodies
bound to the bead pack after each sample was drawn through, a fluorescein-labeled anti
sheep IgG antibody (diluted 1-5000 in PBS containing 1 mg\ml Bovine Serum Albumin
(BSA)) was flowed through the bead pack. This secondary antibody will bind to the Fc
region of any o f the sheep anti-2,4-D antibodies present in the bead pack. The BSA was
added to the buffer in this step to discourage the non-specific binding o f the secondary
antibody to the bead surface. The fluorescence data were handled as described in Section
2.3.1.

3.5.6 Matrix Effects. Cross-reactivitv Effects and Data Validation
Since both formats were equally effective, and because the activated beads used
for the antigen-coated bead format were in limited supply, the antibody-coated bead
format was used in experiments to check cross reactivity o f the antibodies, to determine
the effect o f performing the assay in an aqueous environmental media, and for comparison
o f the KinExA™ immunoanalyzer method to a High Performance Liquid Chromatography
(HPLC) method for the determination of 2,4-D.
To check the cross-reactivity of the antibodies used throughout this project,
solutions o f 2,4,5-trichlorophenoxyacetic acid, 2,4-dichlorophenol, Atrazine, chlordane,
phenol, benzoic acid and humic acid were made in PBS at the following concentrations; 0,
100 ppb, 1 ppm and 10 ppm. These samples were then run following the same procedure
used to quantify 2,4-D.
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To determine the effect o f performing the assay in an environmental media rather
than in the pristine laboratory prepared buffer, water samples were obtained from two
locations and used to make up the 2,4-D standards (1 % ethanol) for a series of
experiments. River water was obtained form the Virgin River in southern Utah. The pH
o f the river water at the time of use was 6.99. Well water was obtained from Well HM-1,
Salmon site, Louisiana, and was stored at 4“ C until use, at which time its pH was 7.47.
The pH measurements were taken using an Orion model 520A pH meter equipped with an
Orion electrode calibrated to pH 4, 7 and 10.

These samples were then analyzed

following the antibody-coated beads assay protocol.
To validate the KinExA™ method, identical samples were analyzed by both the
KinExA™ instrument and the Environmental Protection Agency (EPA) high performance
liquid chromatography Method 8321A.

A Waters HPLC with a C18 column and an

ultraviolet detector was used. Acetonitrile and 0.10 M acetate buffer are the constituents
o f the mobile phase, with an initial mobile phase o f 25% acetonitrile\75% acetate buffer, a
gradient is used to take the mobile phase to 60%\40% over 15 minutes. An absorbance
scan of 2,4-D dissolved in acetonitrile revealed an absorbance maximum at 284 nm. The
UV detector was therefore set at this wavelength.
The Virgin River water used as an environmental matrix throughout this project
was spiked with 2,4-D dissolved in acetonitrile at the following concentrations; 0, 0.3 , 1,
3, and 10 ppm.

A solution with a 2,4-D concentration unknown to the instrument

operator was also made. The 2,4-D standards and the unknown solution were subjected
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to analysis by both the HPLC and the KinExA™ methods. Software provided with the
HPLC instrument was used to integrate the chromatographic peaks.

3.6 Sources o f Chemicals Used
Polymethylmethacrylate (PMMA) beads (98 um) were purchased from
Bang’s Laboratories (Carmel, IN). Photopolymeric N-oxysuccinimde (PNOS) modified
PMMA beads were purchased from BSI Corporation (Eden Prairie, MN). Rabbit anti
sheep IgG and sheep anti-2,4-D serum were obtained from The Binding Site (San Diego,
CA).

Fluorescein conjugated rabbit anti-sheep IgG was purchased from Jackson

ImmunoResearch Inc. (West Grove, Pa).

Fluoresceinisothiocyanate (FITC), 2,4-

dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 1-ethyl3-(3 -dimethylaminopropyl) carbodiimide hydrochloride (EDC), and N-hydroxysuccimide,
were purchased from Sigma Chemical Co (St. Louis, MO). NHS-rhodamine and IgG
isolation Idts were purchased from Pierce Chemical Co. (Rockford, D).

Phenol and

benzoic acid were purchased from Mallinckrodt (Paris, KY). Atrazine was purchased
from ChemService (West Chester, PA). 2,4-dichlorophenol was purchased from Aldirch
Chemical Co. (Milwaukee, WI).

Chlordane was obtained from the Environmental

Protection Agency (Research Triangle Park, NC). All other compounds and solvents used
were o f reagent grade.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Fluorescence Energy Transfer Results
The raw data curves were used without any software smoothing. The fluoresceinlabeled 2,4-D peak at 516.5 nm was used throughout the experiment to indicate the extent
o f the fluorescence energy transfer in each solution. This value was plotted versus the
logarithm o f the 2,4-D concentration in parts per million. The experiment was run in
triplicate and the average o f the three data points plotted in Figure 4.1. The error bars
represent the standard deviation o f the mean o f the data points (n = 3). The assay showed
a fairly linear response (r^ = 0.97) in the 100 ppb to 100 ppm range.

4.1.1 Discussion of FET Results
The results o f this assay show that fluorescence energy transfer can be used to
quantify 2,4-D in solution in the 100 ppb to 100 ppm concentration

range .

This

responsiveness to 2,4-D is similar to a reported fluorescence energy transfer assay for
glucose (Meadows and Shultz 1988) which reported a detection limit o f 50 ppb. The
responsiveness o f this assay format to 2,4-D was also comparable to that reported for a
fluorescence polarization assay (Ermin 1995) with a detection limit o f 100 ppb, but below
56
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that o f reported enzyme immunoassays (Fleeker 1987) and (Franek et al 1994) which are
capable of detecting 2,4-D into the 1-10 ppb range.
The sensitivity o f the 2,4-D assay, although comparable to other fluorescence
energy transfer assays, is not sufficient to compete with the other laboratory methods
(ELISA, KinExA™, chromatographic) that can detect 2,4-D into the low ppb range.
There are however, applications such as field screening or accumulation measurements
that could be carried out successfully with the energy transfer assay’s detection limits. It
is in these areas that the ease o f operation and potential portability o f the energy transfer
assay could be exploited.

A sample (or series o f samples) can be analyzed with this

method after only a 30 minute incubation, this speed can be advantageous if only a few
samples are needed and one doesn’t want to wait through the long incubation steps
(usually 2-3 hours) required for an ELISA analysis.
The homogeneity o f the assay format and the reversibility o f the antibody-antigen
binding reaction makes it attractive for development and use with potentially portable
fiber optic fluorometers. Energy transfer assays can be o f great use in an analysis situation
that requires fast sample turnaround, but does not require optimal sensitivity.
The sensitivity o f the fluorescence energy transfer assay is hindered by a high
fluorescent background signal. The random labeling o f antibody with rhodamine results in
both some labeling taking place near the antigen binding site where it is in the best position
to accept energy transfer, and some labels being bound far fi’om the binding site. The
rhodamine bound far fi’om the binding sites contributes a background signal that must be
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overcome before 2,4-D quantitation can take place.

Site specifically binding the

rhodamine to the antibody in the antigen binding region has been shown in certain cases to
increase the sensitivity o f energy transfer assays (Chang et al 1995).

4 2 KinExA™ Antibody-coated Bead Format Results
The resulting signal response curve is shown in Figure 4.2.

Due to plotting

requirements 0 e. the use o f a log scale for the abscissa) 0 ppm 2,4-D was plotted as 0.001
The dynamic range o f this format is firom 10 ppb to 10 ppm. Regression analysis o f the log
o f the analyte concentration versus the relative signal showed a linear response (r^ = 0.98)
over the entire measured range.

4.3 KinExA™ Antigen-coated Beads Format Results
The instrument response curve is shown in Figure 4.3. The dynamic range o f this
format extended fi'om 2 ppb to 20 ppm with a linear response for the log o f the analyte
concentration versus the relative signal (r^ = 0.99) over the entire measured range (as in
Figure 4.2, the 0 ppm standard is plotted as 0.001)

4.4 Comparison o f KinExA™ Assav Formats
The signal response curves for both formats were similar suggesting that either
format can be used to effectively quantify 2,4-D in solution. The ability to use either
antibody or antigen coated beads as the solid phase offers the user versatility when
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designing an assay for a particular environmental application. The assay can be designed
to accommodate the users preferences when purchasing either derivatized beads and
labeled antibodies or non-derivatized beads and fluorescently-labeled analogs o f the
analyte.

4.5 Antibodv Cross Reactivitv
Shown in Figure 4.4 is the antibody cross reactivity profile for several compounds,
using the same batch o f antibodies that was used to develop the assays. This presentation
form shows the relative cross-reactivities o f the compounds tested at several
concentrations over three orders o f magnitude.

Some o f these compounds (2,4-

dichlorophenol, 2,4,5-trichlorophenotyacetic acid) were chosen due to their structural
similarity to 2,4-D and some (benzoic acid, humic acid) were chosen because thty are
commonly found in environmental samples. In addition, two other pesticides (Chlordane,
Atrazine) were analyzed. The compounds similar in structure to 2,4-D elicited a response
fi'om the instrument. These results were similar to previous reports (Ermin 1995) that also
used polyclonal anti-2,4-D serum which showed cross reactivity o f 59 % to 2,4,5trichlorophenoxyacetic acid (compared to 65.8 % reported here). The antibodies did not
respond substantially to molecules with structures substantially unlike 2,4-D.
percentage o f cross reactivity for each tested compound is shown in Table 4.1.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

The

60

Table 4.1
Antibody Cross-Reactivity
Compound

% Cross-Reactivitv

2.4-Dicblorophenotyacetic acid

100

2,4,5-Trichlorophenotyacetic acid

65.8

2.4-Dichlorophenol

101

Atrazine

15.1

Chlordane

15.2

Phenol

5.8

Benzoic acid

6.2

humic acid

83.0

(The percentage was calculated by assigning 2,4-D at 10 ppm a value of 100 % and then taking
the ratio of the 2,4-D data versus the indicated compounds at 10 ppm)

The high response (101 %) to 2,4-dichlorophenol indicates that the antibodies are
preferentially binding the chlorine substituted ring structure.

The almost negligible

response to phenol and benzoic acid is further evidence that the chlorinated ring is being
preferentially targeted by the antibodies. However, the limited response to chlordane,
which has a chlorine substituted double ring structure indicates that a steric ffictor could
also be inhibiting binding. The nitrogen atoms present in the Atrazine ring structure are
most likely the cause o f its low reactivity. The complexing ability and presence o f many
functional groups on humic acids makes interpreting their cross reactivity difficult. Due to
the high molecular weight o f humic acids ( several hundred to several hundred thousand
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Daltons), if their presence is suspected o f causing a problem, the higher molecular weight
acids can be removed by dialysis prior to analysis o f the sample.

4.6 KinExA™ Assav in Aqueous Environmental Media
Shown in Figure 4.5 are the signal response curves for 2,4-D in environmental
media compared to the buffer curve. The response from these 2,4-D spiked environmental
water samples were similar in shape and position to the response in PBS. The instrument
response for the log o f 2,4-D concentration versus relative signal exhibited a linear
dynamic range (r^= 0.99 for well water and 0.98 for river water) from 10 ppb to 10 ppm.
The KinExA™ method performed as well in these environmental matrices as is it did in
laboratory buffer.

4.7 Comparison of KinExA™ to Chromatographic Methods
The laboratory determination o f 2,4-D in an environmental sample would
commonly be done using either gas chromatography (GC) or high performance liquid
chromatography (HPLC). The EPA method 8151A for the determination o f chlorinated
herbicides by GC with an electron capture detector ^ C D ) has a reported detection limit
for 2,4-D o f 0.2 ppb. The detection limit for this method is approximately one order-ofmagnitude smaller than the K inExA ^ method. The GC method however, requires a
diazomethane derivatization step prior to analysis, unlike the KinExA™ method which
requires no derivatization. In addition, the extra derivatization step in the GC sample
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analysis requires the use o f a toxic precursor (l-methyl-3-mtro-l-nitrosoguanidme) to
produce the diazomethane, which once produced is potentially explosive. The avoidance
o f this derivatization step makes the KinExA™ method an attractive alternative to GC
analysis when detection limits greater than 2 ppb are required.
EPA method 8321A can also be used to determine 2,4-D in solution by reversed
phase HPLC with either a thermospray-mass spectrometer as the detector or an ultraviolet
detector.

With the thermospray-mass spectrometer as a detector this method has a

detection limit o f 0.29 ppb for 2,4-D. This detection limit is similar to the GC detection
limit and is also about one order-of-magnitude smaller than the KinExA™ method. The
detection limit using the ultraviolet detector was not given. It is anticipated however, that
the detection limit for the UV detector would be substantially higher.
A plot o f the peak area versus the 2,4-D concentration shown in Figure 4.6
showed a linear response (r^ = 0.99) for the HPLC data. Detection o f concentrations
below 1 ppm was poor for this method. A plot o f relative signal versus the log o f 2,4-D
concentration shown in Figure 4.7 showed a linear response (r^ = 0.99) for the KinExA™
data. Fitting the data from an unknown solution (prepared by an independent technician)
to the standard curve resulted in a reported 2,4-D concentration o f 3.47 ppm for the
HPLC method and a concentration o f 3.53 ppm for the KinExA™ method.

The

concentration o f 2,4-D in the unknown solution was later reported to be 4.3 ppm. The
difference in the reported value and the actual value is likely due to error introduced in the
preparation o f the solution, or possibly, the time between the making o f the solution and
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hs analysis (one week) allowed some o f the 2,4-D in solution to break down. The close
agreement between the two methods shows that the results from KinExA™ method
correlated well with a more traditional chromatographic method o f analysis.

4.8 Conclusions From KinExA™ Data
. Both assay formats showed a higher sensitivity to analyte concentration than a
reported fluorescence polarization immunoassay (Ermin 1995), and an enzyme assay (Gu
et al 1995). The detection limits were similar to a reported monoclonal ELISA (Franek
1994). The advantages o f the KinExA™ method are the automation and versatility.
Automation eliminates the need for the labor intensive incubation and rinsing steps
typically associated with immunoassays and limits the amount o f waste produced. Once
the assay format has been developed, an automated instrument can be operated by
minimally trained personnel. Increasing the number of sample positions on the control
valve would allow more samples to be run before operator interaction is needed. The use
o f PMMA beads coated with either antibody or antigen as the solid phase allows the assay
format to be tailored to the specific needs o f the user.

The renewable solid phase

eliminates the need to engineer a reversible reaction.
Even when automated, ELISA analysis requires the use o f incubation and washing
steps that require a substantial time investment. If an analyst has only a few samples that
need to be analyzed, the sequential format o f the KinExA™ methods offers the user the
ability to quickly run a small number o f samples.
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CHAPTER 5

CONCLUSIONS AND FUTURE OUTLOOK

5.1 Conclusions
The objective of this research project was to develop and characterize fluorescence
based immunoassays for the determination of the herbicide 2,4-D. Three assay formats
were developed, that could be used as stand-alone methods, or be further developed for
biosensor techniques.

The development o f these fluoroimmunoassays has shown that

bioanalytical assays can effectively complement the traditional methods o f pesticide
determination. The detection limits displayed by the KinExA™ methods were as sensitive
as many reported immunoassay methods for the determination o f 2,4-D. The detection
limits o f the fluorescence energy transfer assay, although somewhat higher than other
methods for the determination o f 2,4-D,

were comparable to other homogeneous

fluorescence based immunoassays.

5 2 Limitations and Technical Barriers
Currently the majority o f reported biosensors for potential environmental
applications are for the detection o f pesticides, phenols, and organophosphates, and a few
reported for the detection o f volatile organic compounds and inorganic elements (Rogers
71
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and Poziomek 1993). The continued development o f new biological recognition elements
for environmentally significant compounds will increase the range o f biosensor analysis.
The incentive to develop new biomaterials will increase as more environmental biosensors
find commercial success. The KinExA™ immunoanalyzer is commercially available and
may find success in the pesticide analysis market.
One o f the problems facing the development o f biosensors for environmental
applications is the fragility o f the biological molecules. Their limited operational lifetime
and shelf-life can present a problem for the user. Prolonged storage can result in the loss
of activity for many biomaterials. Biomaterials are also limited in the matrices in which
they can properly operate, as a result, most biosensors have been demonstrated in an
aqueous environment.

The work presented here showed that the aqueous environment

does not have to be a pristine laboratoiy buffer, since the antibodies performed equally
well in aqueous environmental samples (Section 4.6).
The sensitivity o f the biomolecules to their working environment presents yet
another problem. A change in the pH or ionic strength o f a solution being analyzed can
have a profound effect on the analytical power o f these assays. Dramatic changes in these
parameters can inhibit the binding capacity o f an antibody. The fluorescent dyes used in
the development o f the fluoroimmunoassays reported here are also «ctremely pH
dependent. Fluorescein emission can be almost completely quenched upon acidification.
Variation in the solution parameters can be handled by highly buffering the system under
analysis. Nevertheless, it was shown that for environmental water samples with pH values
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between 6.99 and 7.47, the KinExA™ method worked well without pH adjustment to the
samples.
A reported fluorescence energy transfer fiber optic biosensor for glucose
(Meadows and Shultz 1993) handled the problem o f varying donor emission intensity by
alternately exciting at the donor and acceptor optimum wavelengths. By directly exciting
the acceptor this signal could be used as a reference. A change in the reference signal
would indicate a drift in the intensity o f the light source or a change attributable to the
solution parameters. Although the reproducibility o f the herein-reported FET assay did
not appear to present a problem, the detection limits could be lowered by using an internal
referencing system.
Since most environmental samples may contain any number of contaminants, there
is the possibility that one or more o f these compounds could denature or inhibit the
analytical operation o f the biomolecule. The use o f new biomaterials for each sample (as
in the KinExA™ formats) would reduce the time that the sensor element is exposed to the
inhibiting agent and thereby reduce its effect.

The development o f more rugged

biomaterials would be the best answer to this problem.
Reproducibility o f data, especially in immunoassays using polyclonal antibodies,
can be questionable. The binding affinity* o f polyclonal antibodies can vary greatly fi*om
one batch to the next. It was determined that some of the batches of antiserum obtained
fi*om the manufrcturer were unacceptable due to low binding activity. This makes getting
reproducible results quite difficult. Analyzing standards with each new batch o f antibodies
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and normalizing data to the standards is one way to handle this problem, but this is time
consuming and requires the use o f large amounts of biomaterials. The development of
more monoclonal antibodies for environmentally significant compounds will greatly reduce
the reproducibility problem that is currently faced when polyclonal anti-sera are used as
biological recognition elements.

5.3 Recommended Future Work
There is a definite need for new environmental field monitoring methods. The
results from laboratory development o f biosensors have shown this technology to be
promising.

The fluoroimmunoassys reported here attained very respectable detection

limits in both pristine buffer solutions and in aqueous environmental media. The
integration o f a biosensor separated from the environment by a semi-permeable membrane
or to recently developed automated soil extraction equipment could extend the reach of
analysis into other matrices as well.
Taking these assays from the laboratory to the field is no trivial task. More work
is needed to interface the biochemical reactions used to detect compounds to newly
developed field-portable instruments. The coupling of a fluorescence-based immunoassay
to a field-portable fiber optic fluorometer could potentially provide remote environmental
sensing. The availability o f optical fibers with high transparency in the visible region o f the
electromagnetic spectrum has made it possible to transmit light over long distances
without serious signal attenuatiorL Optical fibers with derivatized distal ends are available
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for the immobilization o f antibodies. These fibers when integrated with a portable flow
cell (Life Sciences Co.) could utilize the chemistry o f the fiuoro-immunoassays developed
here to produce a field-portable optical biosensor for 2,4-D.
All o f the assay formats developed here should work equally well for any antibodyantigen pair o f environmental interest. Antibodies are available for several other widely
used herbicides (e.g. Triazines). The synthesis o f fluorescent analogs o f other herbicides
would facilitate their analysis with these methods.
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